1. Introduction {#sec1}
===============

On 25 April 2015, a large earthquake with moment-magnitude (M~w~) 7.8 occurred in Gorkha district (latitude 28.23° N and longitude 84.73° E) of central Nepal (hereafter referred to as the Gorkha earthquake) at about 32-km east of Lamjung district and about 80-km northwest of Kathmandu. Just 17 days later, another large earthquake of M~w~ 7.3 occurred on 12 May 2015 in Dolakha district (latitude 27.80° N and longitude 86.06° E) farther eastward (hereafter referred to as the Dolakha earthquake) at about 140-km east of the Gorkha earthquake, as shown in [Fig. 1](#fig1){ref-type="fig"}. These two large events and associated aftershocks caused many casualties (\>8500 deaths), injuries (\>22,000), damage (\>5 million houses) and economic losses (∼7 billion US dollars) in the country ([@bib7]). Both earthquakes are occurred in the central segment of a Himalaya collided zone between the Eurasia Plate and the Indian Plate ([@bib4]). The ongoing collision of Eurasia-Indian plates governing the present day seismotectonics of the region that is expressed by the existence of active faults and lineaments ([@bib16], [@bib17], [@bib18]; [@bib2]; [@bib5]; [@bib19]; [@bib26]) and the occurrence of large earthquakes in the past ([@bib27]; [@bib28]).Fig. 1Major faults and distribution of earthquakes in Nepal and the surrounding region. ITSZ-Indus Tsangpo Suture Zone; STDS-South Tibetan Detachment System; MCT - Main Central Thrust; BGF - Bari Gad Fault; MBT - Main Boundary Thrust; and MFT - Main Frontal Thrust. ITSZ; MCT; BGF; MBT; MFT and active normal faults (Red discontinuous lines) modified from [@bib28], STDS modified from [@bib13]. Epicenter locations of earthquakes (black circles) from 1255 to 24 April 2015 are taken from [@bib28]. Stars are the epicenters of the 2015 Gorkha and Dolakha earthquakes.Fig. 1

Both these earthquakes are the two large well-recorded events occurred in Nepal since the 1934 Nepal-Bihar catastrophic earthquake (M~w~ = 8.4). Seismicity history of Nepal ([@bib27]; [@bib28]) shows that earthquakes of such large magnitudes are common in the country and one slightly smaller magnitude event (M~w~ = 7.7, 1833) than the Gorkha earthquake had occurred in an area between the 2015 Gorkha and the Dolakha main shocks. The recent 2015 two earthquakes were followed by a large number of aftershocks, including three events with moment-magnitudes equal to and greater than 6.3 (M~w~ = 6.6, 25 April 2015; M~w~ = 6.7, 26 April 2015; M~w~ = 6.3, 12 May 2015).

As known, aftershocks associated with strong earthquakes give information related to the earth\'s crust, hence the analysis of aftershocks has become a more common research topic in recent years. Statistical approaches (i.e., the Gutenberg-Richter frequency-magnitude relationship and the modified Omori law/Omori-Utsu law) are often employed for the study of aftershocks. Over the last four decades, several studies have primarily attempted to analyze the aftershocks of individual earthquakes worldwide (e.g., [@bib24]; [@bib12]; [@bib30]; [@bib9]; [@bib22]; [@bib11]). These investigations have provided the space-time as well as depth characteristics of the aftershocks. In the context of Nepal, several studies ([@bib1]; [@bib23]; [@bib14]) have attempted to provide the account of aftershocks of the 2015 Gorkha earthquake. These studies considered the Dolakha earthquake as the largest aftershock of the Gorkha earthquake, no matter a theoretically conflicting that the magnitude of the Dolakha earthquake was not in accordance with the Båth\'s law, which stated that the size difference between the main shock and largest aftershock typically lies within a range of 1.1--1.2 magnitude units ([@bib3]).

Although the longitudinal and transverse faults as well as lineaments have been identified in Central Nepal and the surrounding region ([@bib16], [@bib17], [@bib18]; [@bib19]; [@bib5]; [@bib26]) and some aftershocks studies of the 2015 earthquakes have been carried out (e.g., [@bib1]; [@bib14]; [@bib23]), no studies have attempted to investigate the spatial relationship between the surface trace of known faults as well as lineaments and epicenter distribution of aftershocks and to analyze aftershocks considering two earthquakes as an earthquake doublet. Here, we consider these two earthquakes as an earthquake doublet (hereafter referred to as the Gorkha-Dolakha doublet) and analyze their aftershocks and the above mentioned spatial relationship.

The aim of this study is to investigate the aftershocks of the Gorkha-Dolakha earthquake doublet occurring in the region (27°--28.5°N, 84°--87°E) from 25 April 2015 to 28 May 2016. For this purpose, we analyze and present the spatiotemporal distribution patterns, the size distribution (*b*-value), and the aftershock decay rate (*p*-value). The analysis result enables us to improve our understanding of the aftershock evolution of this part of Nepal.

2. Methodology {#sec2}
==============

The primary problem of seismicity analysis, especially for the aftershock analysis is to choose an appropriate spatial and temporal range for statistics. In this study, we compiled the aftershocks occurred in the geographic window between 27°--28.5°N and 84°--87°E for the period between 25 April 2015 and 28 May 2016 from the United States [@bib20], since the occurrence rate and magnitudes of the aftershocks outside the area in the same time period and in the same area outside the time period are both obviously much less and smaller than those selected. This aftershock dataset contains 298 aftershocks with body wave magnitudes equal to or greater than 4.0. It consists of 266 aftershocks between magnitude 4.0 and 4.9, 28 aftershocks between magnitude 5.0 and 5.9, and four between magnitude 6.0 and 6.9.

To analyse this aftershock sequence quantitatively, we adopted two most commonly and widely well-known scaling laws, namely, the Gutenberg-Richter frequency-magnitude relation ([@bib10]) and the Modified Omori\'s Law/Omori-Utsu law ([@bib29]). The Gutenberg-Richter law that best characterizes the power-law size distribution of earthquakes can be expressed here below in [Equation (1)](#fd1){ref-type="disp-formula"}:$$\mathit{lo}\mathit{g}_{\mathit{10}}\mathit{N}\left( \mathit{M} \right) = \mathit{a} - \mathit{bM}$$in which *N* is the cumulative number of earthquakes with magnitude equal to or greater than magnitude *M*, and *a* and *b* represent the empirical constants of the law. The *a* and *b* values in this study are estimated using the least squares regression method considering that the USGS earthquake catalogue is complete with body wave magnitudes equal to or greater than 4.0.

Scaling law that is adopted to estimate the decay rate of aftershocks associated with a major event was initially described more than two-century ago by [@bib21]. The original Omori law (1884) is given here in the following equation:$$\mathit{n}\left( \mathit{t} \right) = \frac{K}{\left( {c + t} \right)}$$in which *n(t)* is the occurrence rate of aftershocks in time period t, and *K* and c are empirical constants ([@bib21]). During the early-sixties of the last century, [@bib29] extended the original Omori law, which is now called as the modified Omori\'s Law. The well-established modified Omori\'s Law commonly used in statistical seismology for characterizing the temporal decay process of the occurrence rate of aftershocks sequence can be expressed as ([@bib29]; [@bib30]):$$\mathit{n}\left( \mathit{t} \right) = \frac{K}{\left( {c + t} \right)^{p}}$$where *p* is an additional constant and other remaining notations are the same as above in [Equation (2)](#fd2){ref-type="disp-formula"}. In this study, the modified Omori law parameters are estimated using the exponential fitting from aftershocks datasets described above.

3. Results and discussion {#sec3}
=========================

3.1. Spatial and temporal distribution of aftershocks {#sec3.1}
-----------------------------------------------------

The distribution of aftershock epicenters in the region from 25 April 2015 to 28 May 2016 is shown in [Fig. 2](#fig2){ref-type="fig"}. The figure demonstrates that aftershocks of the Gorkha earthquake are mostly distributed to the southeast of the main shock epicenter and aftershocks following the Dolakha earthquake located mainly between the two main shocks and some to the southeast of the Dolakha main shock. Two strong early aftershocks (M~w~ = 6.6, 25 April 2015; M~w~ = 6.7, 26 April 2015) are close to the Gorkha main shock, whereas the Dolakha main shock and its strong aftershock event (M~w~ = 6.3, 12 May 2015) are at the easternmost extremity of the aftershock zone of the Gorkha quake. Following the Dolakha main shock, the primary aftershock area expanded 20 km more to the east. Thus, the total extent of the aftershocks area became approximately 170 km in length by 70 km in width in a nearly southeast-northwest trending direction. This aftershock zone encompasses the rupture areas of the earthquake doublet ([@bib6]) and is largely bounded on the west side by the Marsyangdi river, on the east by the surface trace of the Everest lineament and on the south side by the surface trace of the active segment of the Main Boundary Thrust (MBT). Both the Everest lineament and the segment of the MBT lies in this aftershock zone are previously recognized to be active geological structures ([@bib16], [@bib17], [@bib18]; [@bib5]), whereas the transverse features and the related tectonic structures along the Marsyangdi River and its tributaries are still unknown. Further detail research is necessary to clarify the existence/non existence of active tectonic features in the Marsyangdi valley.Fig. 2Epicenter Map of the 2015 Gorkha and Dolakha earthquakes, aftershocks, and major faults in the study area. AB is the location of the cross section shown in [Fig. 4](#fig4){ref-type="fig"}. Transverse faults/lineaments (Black discontinuous lines) modified from [@bib5] and other faults legend is the same as in [Fig. 1](#fig1){ref-type="fig"}. Stars are the epicenters of the 2015 Gorkha and Dolakha earthquakes. Red and green circles are the epicenters of aftershocks occurring between 25 April 2015 and 11 May 2015, 12 May 2015 and 28 May 2016, respectively.Fig. 2

[Fig. 3](#fig3){ref-type="fig"} illustrates the time-magnitude distribution of aftershocks of the 2015 Gorkha-Dolakha earthquake doublet. It can be seen from the figure that two of the three strongest (M~w~ = 6.6, 25 April 2015; M~w~ = 6.7, 26 April 2015) aftershocks occurred within 2 days after the Gorkha main shock. A significant number of aftershocks are observed within this 2 days time period and then the aftershock activity decayed during the first 17 days till the Dolakha earthquake occurred on 12 May 2015 at 12:50 Kathmandu Time (07:05 UTC). The Dolakha main shock produced its own aftershocks, including the strong event (M~w~ = 6.3) that occurred within 31 minutes after the Dolakha quake on the same day at 13:21 Kathmandu Time (07:36 UTC). It was also followed by a productive number of aftershocks that resulted almost doubling the earthquake sequence. In sum, the significant number of aftershocks occurred within the first 2--3 months after the main shocks then the activity in the sequence gradually decaying over the whole study period.Fig. 3Magnitude versus time for aftershocks (M~b~ ≥ 4.0) occurring between 25 April 2015 and May 2016 associated with the 2015 Gorkha-Dolakha earthquake doublet in central Nepal. Stars are the 2015 Gorkha and Dolakha earthquakes.Fig. 3

[Fig. 4](#fig4){ref-type="fig"} shows the distribution of the Gorkha-Dolakha earthquake doublet and their aftershocks on a northeast (N20°E) striking cross section (A and B). It can be observed from the figure that the overwhelming majority of the aftershocks occurred between 5 and 25 km deep and a small number of events extending down to 25 km depth. The depth section also shows that the maximum depth of aftershocks of this sequence in Central Nepal generally decreases from north to south.Fig. 4Northeast (N20°E) striking cross section showing the Gorkha and Dolakha earthquake doublet and aftershocks (blue open circles). Stars on the left and right are the Gorkha and Dolakha earthquakes, respectively.Fig. 4

3.2. Magnitude-frequency distribution and decay rate of the aftershocks {#sec3.2}
-----------------------------------------------------------------------

The earthquake number-size distribution with *b*-value and the aftershock decay rate (*p*-value) of the sequence has been estimated by means of the magnitude-frequency relation of Gutenberg and Richter given in [Equation (1)](#fd1){ref-type="disp-formula"} and the modified Omori law given in [Equation (3)](#fd3){ref-type="disp-formula"}, respectively. The results of the analysis are presented in Figs. [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}.Fig. 5Magnitude-frequency distribution of aftershocks (M~b~ ≥ 4.0) of the 2015 Gorkha-Dolakha earthquake doublet.Fig. 5Fig. 6The modified Omori fitting of aftershocks (M~b~ ≥ 4.0) occurring within 60 days of the 2015 Gorkha-Dolakha earthquake doublet.Fig. 6

[Fig. 5](#fig5){ref-type="fig"} shows the magnitude-frequency distribution of aftershocks for the Gorkha-Dolakha earthquake doublet. The small blue squares indicate the actual number of aftershocks with magnitudes no less than the corresponding magnitude and the line is fitted with *b-*value (0.93 ± 0.03), in the figure. This *b*-value is higher than the value of 0.80 ± 0.05 estimated by [@bib1] from aftershocks with local magnitude greater than 4.0 occurring within the first 45 days of the sequence considering the 12 May Dolakha main shock as a largest aftershock. This high *b-*value is associated on one hand with the dominance proportion of small size events in our aftershock datasets for a year longer time period. It is worth noting on the other hand that the magnitude-frequency distribution curve would be different if we consider the Dolakha earthquake as a largest aftershock of the Gorkha earthquake. The *b*-value slope would be flatten if we added the M~w~ = 7.3 event in the aftershock dataset. That dataset would be inadequate to obtain the good *b*-value statistics since the M~w~ 7.3 point is quite different from the fitted magnitude-frequency line. The result of this paper shows that the *b*-value of aftershocks of an earthquake doublet must be higher than that of a single main shock.

[Fig. 6](#fig6){ref-type="fig"} displays the occurrence rate of aftershocks occurring within 60 days of the Gorkha-Dolakha earthquake doublet. One can see from the figure that the occurrence rate decayed very fast in the first 7 days, and then decayed gradually within 60 days afterwards. The data points in the figure also shows that the Dolakha quake occurred 17 days after the first main shock is far away from the curve; but does not disturb the decaying process. The parameters of the Omori\'s law primarily vary with the tectonic environment (e.g., styles of faulting) of the region ([@bib25]). The estimated *p*-value in this study 0.79 ± 0.24, is very close to the value 0.80 ± 0.4 estimated by [@bib1] for the 2015 main cluster and is slightly lower than that of [@bib25] who obtained p-value 0.82 ± 0.02 for the thrust faulting. The result of the present study shows that p-value of an earthquake doublet seems to be similar with that of a single main shock.

In a nutshell, the Dolakha earthquake must not be considered as an aftershock of the Gorkha shock for the magnitude-frequency analysis, but does not appears to affect the analysis of the decay rate of aftershocks. Doublet seismic events are well-documented in the recent seismological literature (e.g., [@bib8]; [@bib31]; [@bib15]). It is thus concluded that these two 2015 earthquakes occurred in Nepal should be considered as an earthquake doublet and aftershocks must be analyzed as those of an earthquake doublet.

4. Conclusions {#sec4}
==============

Aftershocks of the Gorkha-Dolakha earthquake doublet occurred in the region (27°--28.5°N, 84°--87°E) from 25 April 2015 to 28 May 2016 are analyzed and their spatiotemporal distribution patterns, the size distribution (*b*-value), and the aftershock decay rate (*p*-value) are estimated. This analysis clearly shows that aftershocks are distributed over an area of approximately 170 km in length by 70 km in width in a nearly southeast-northwest trending direction and confined to a depth between 5 and 25 km. The analysis also shows that there is a significant number of aftershocks occurred within the first 2--3 months after the main shocks and the activity in the sequence gradually decayed over the entire study period. The *b-*value and *p-*value are 0.93 ± 0.03 and 0.79 ± 0.24, respectively. The *b*-value is higher than the value of 0.80 ± 0.05 estimated by [@bib1] for the 2015 sequence, whereas the *p*-value is very close to the value of 0.80 ± 0.4 as estimated by [@bib1] for the 2015 main cluster. The result of this paper indicates that the Gorkha and Dolakha earthquakes should consider as an earthquake doublet in the study of the magnitude-frequency relation of aftershocks, whereas this approximation does not seems to affect on the analysis of the rate of decay.

Finally, it is worth mentioning that the aftershock zone largely bordered in the west by the Marsyangdi river, in the south by the surface trace of the active segment of the MBT and in the east by the surface trace of the Everest lineament. The MBT and Everest lineament are known geological structures, whereas the transverse features and associated tectonic structures along the Marsyangdi river and its tributaries are still unknown. Further extensive research is necessary to clarify whether active tectonic features exists or not in the Marsyangdi valley.
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